Abstract: We experimentally demonstrate a 429.96-Gb/s signal transmission over a 400-km standard single-mode fiber within the 50-GHz grid and successfully achieve spectral efficiency as high as 8.63 bit/s/Hz. Orthogonal frequency-division multiplexing/ offset quadrature amplitude modulation with 64-quadrature amplitude modulation is selected as the modulation format to provide a "perfect" rectangular spectrum that efficiently reduces the channel crosstalk. No timing or frequency alignment is required for the subbands to form the superchannel.
Introduction
To meet the bandwidth demand of the ever-increasing Internet traffic, a large body of research is currently focused on realizing the 400G/1T optical transport. The evolution of transport network rate is driven by the demand of lowering the cost of per transmitted bit, which requires increasing both the data rate per channel and the spectral efficiency (SE). Advanced modulation and coding technologies improve the SE and enhance the system capacity in the existing network architecture. Among various multiplexing schemes, orthogonal frequency division multiplexing (OFDM) combined with coherent detection (CO-OFDM for short) is an attractive candidate to achieve ultra-large-capacity and ultra-long-haul transmissions due to its high SE and extreme robustness against fiber dispersion [1] , [2] . CO-OFDM combined with advanced modulation formats has been widely employed to realize transmission with high SE [3] , [4] . Recently, the 400-Gb/s transmission has been reported in [5] - [7] . X. Liu et al. generated a 448-Gb/s OFDM signal within 60-GHz optical bandwidth with a SE of $8 bit/s/Hz [5] . The first coherent 400-Gb/s transmission on the 50-GHz grid was demonstrated in [6] using OFDM-32QAM modulation over 80-km transmission reach. Later, X. Zhou et al. showed a PDM-Nyquist-32QAM for 450-Gb/s per channel wavelength-division multiplexing (WDM) system on the 50-GHz optical grid [7] .
In wireless communication, offset quadrature amplitude modulation (OQAM) has been investigated to realize high data rate transmission [8] , [9] . Recently, this technology is introduced in optical fiber communications [10] - [13] . Theoretical analysis in [12] and experimental demonstration in [13] have proved that the required signal spectra for sub-band orthogonality can be greatly relaxed. Due to the inherent property of high side lobe suppression ratio using OFDM/ OQAM, a normal FFT size (e.g., 256) for OFDM/OQAM signal can also provide nearly rectangular spectrum. Thus, it has superiority to load high order QAM format (64-QAM) without much signal distortion induced by electrical low pass filter at transmitter. In this paper, we experimentally demonstrate 400G-class coherent optical OFDM/OQAM system over the standard 50-GHz grid optical network. By using OFDM/OQAM with polarization-diversity multiplexing (PDM) 64QAM modulation and 20% forward error correction (FEC), an information rate of 429.96-Gb/s transmission has been demonstrated at an SE of 8.63 bit/s/Hz over 400-km standard single mode fiber (SSMF). Channel chromatic dispersion (CD) is compensated by the designed prototype filer without cyclic prefix (CP) support. The organization of this paper is as follows: In Section 2, we describe the operation principle. In Section 3, experimental setup is presented. Measurement results and associated discussions are given in Section 4. We finally conclude the paper in Section 5.
Operation Principle
To achieve the 400-Gb/s transmission within 50-GHz grid, high order modulation formats are required, such as 64-QAM or higher. When applying electrical low pass filters at the transmitter to eliminate the aliasing-frequency terms and the channel crosstalk, the signal with very high order modulation could be severely distorted. Several techniques can be applied to overcome this issue. One is to increase the FFT size for the conventional OFDM, as discussed in [4] . A FFT size of 12000 is required to load 128-QAM without much signal distortion. However, the laser phase noise varies greatly within such long OFDM symbol period. So, an additional pilot carrier is inserted to track the phase changes. Two stage phase noise estimation is also required. This brings much complexity in the system setup and digital signal processing. Another solution is using filter bank multicarrier (FBMC) techniques, which are widely investigated in wireless communication [14] . Among various FBMC schemes, OFDM/OQAM is considered as the most efficient way to achieve high side lobe suppression ratio, even with short FFT sizes. Fig. 1 depicts the principle structure of OFDM/OQAM transmitter and receiver. At the transmitter, the transmitted signal S mÂN is serial-to-parallel (S/P) converted into N subcarriers and then passed to N subcarrier transmission filters. The quadrature-phase component is delayed by T =2 with respect to the in-phase where T is the symbol period, which forms the offset modulation. Note that pulse shaping is operated at time domain and realized by cooperation of the inverse fast Fourier transform (IFFT) function and the bank of component filters. Then, the pulse shaped N outputs are modulated by N OFDM subcarriers with subcarrier spacing of Áf ¼ 1=T . The baseband expression of the continuous-time OFDM/OQAM signal can be written as follows:
where N is an even number representing the number of subcarriers, and hðt Þ is the designed filter for pulse shaping which is designed based on the criterion in [15] . a n;m are complex valued transmitted symbols which are obtained from M-ary constellations. At the receiver side, the received serial signal is firstly converted into parallel outputs and then demodulated by N subcarrier demodulators. The outputs are fed into the designed filters matched to those at the transmitter side. A fast Fourier transform (FFT) is applied to convert the time domain signals to the frequency domain. The prototype filter is able to enhance the side lobe convergence. Fig. 2 shows the spectra of conventional OFDM and OFDM/OQAM with FFT size of 256. The impulse response hðt Þ is a square-root raised cosine filter with roll-off factor of 0.5. As a result, the side lobe suppression ratio of OFDM/OQAM signal is about 20 dB higher (> 35 dB) than conventional OFDM ($15 dB) as shown in Fig. 2 . The advantages of OFDM/OQAM arise from the prototype filters hðt Þ, which satisfy the perfect reconstruction condition [15] . But the price paid is the induced computational complexity of using the digital filter in the transmitter and receiver end. Fig. 3 shows the simulated results of signal distortion for OFDM/OQAM-64QAM and conventional OFDM-64QAM signals. The bandwidth of the baseband is 3.8 GHz. The FFT sizes for both cases are 256. Three kinds of low pass filters (4GHz, 3.9GHz, and no filtering) at the À3 . But, less than 0.5 dB and 1 dB penalties are observed for OFDM/OQAM. With this merit, the signal with high side lobe suppression ratio can be achieved with some short FFT size. Thus, no additional pilot carriers are required to track the laser phase noise, which greatly reduce the complexity in the system implementation.
In superchannel transmission system, for the traditional orthogonal band multiplexed OFDM (OBM-OFDM), frequency and timing synchronization is critical. As shown in Fig. 4(a) , the signal generation frequency for each sub-band should be equal to integral times of the subcarrier spacing to guarantee the orthogonality between the multiple sub-bands. Besides this, timing synchronization should be strictly matched for all the sub-bands. But for OFDM/OQAM, due to much higher side lobe suppression ratio, the restriction of the frequency and timingsynchronization is not required, as shown in Fig. 4(b) . Fig. 5 shows the experimental setup of the 429.96-Gb/s OFDM/OQAM-64QAM transmission system. At the transmitter, four external-cavity lasers (ECLs) (central wavelengths are set at 1549.829 nm, 1549.929 nm, 1550.029 nm, 1550.129 nm, respectively) are combined by a polarization maintaining optical coupler. An optical intensity modulator is driven by a radio frequency (RF) sine wave (4.04 GHz) to triple the number of optical carriers from 4 to 12, as shown in Fig. 5(a) . The generated optical carriers are then split into two polarization branches with even optical power by a 50:50 polarization beam splitter (PBS). Each branch is modulated by an individual single-polarization optical I/Q modulator. Two arbitrary waveform generators (AWGs) running at 12 GS/s sampling rate are used to produce the electrical OFDM/OQAM signal. The OFDM/OQAM signal is constructed with 82 subcarriers, in which 78 subcarriers are used to carry the payloads with 64QAM, while 4 subcarriers are used as the pilots with 4QAM loading to estimate the phase noise. The FFT size is 256. The bandwidth of each sub-band is 3.94 GHz. Since we used independent lasers to construct the 400G-class superchannel, small guardbands of 0.5 GHz are reserved to accommodate the laser wavelength fluctuations. For the It is worth noting that, no CP is used in OFDM/OQAM scheme. The ISI and ICI are compensated by the specially designed prototype filter [15] . Moreover, a 20% FEC is employed to accommodate the burst errors, resulting in a total information bit rate of 429.96-Gb/s. The transmission link consists of five 80-km spans of SSMF. In order to compensate the span loss and improve the OSNR, we utilize all-Raman amplification. Fig. 5(b) shows the electrical spectrum of OFDM/ OQAM-64QAM signal with > 35 dB side lobe suppression ratio at transmitted side. The optical spectrum with bandwidth of 49.8GHz is also shown in Fig. 5(c) . At the receiver side, the optical signal is firstly detected by a typical balanced coherent receiver. Then the two RF signals of each polarization for the IQ components are sent into a Tektronix real-time digital oscilloscope acquired at 50 GS/s and processed off-line with a MATLAB program. The offline digital processing algorithm includes: 1) carrier frequency offset estimation and OFDM window synchronization; 2) digital filter designed (for OFDM/OQAM only); 3) fast Fourier transform (FFT); 4) channel estimation and phase noise estimation; 5) constellation decision and BER calculation. We note that at the transmitter, the bandwidth of the generated electrical baseband signal is 3.94 GHz. The data rate can be calculated as follows: 12 GS/s ðAWG sampling rateÞ Â ½82ðall used subcarriersÞÀ4ðpilotsÞ=256Â6 bit/sð64QAM bits numberÞÂ 500=510ðremove training symbolsÞÂ 2ðdual polarizationÞ Â 12ðoptical tonesÞ ¼ 516:17Gb/s. The information rate is 429.96-Gb/s after 20% FEC decoding. The spectral efficiency is 8.63 bit/s/Hz.
Experimental Setup

Measurement Results and Discussion
The BER versus OSNR curve at optical back-to-back is firstly measured as shown in Fig. 6 . To achieve a BER under 2 Â 10 À2 (20% FEC limit), the required OSNR of single sub-band (net rate of 35.7-Gb/s) is 15.6 dB. Compared to the required OSNR in theory at 20% FEC limit, the experimental penalty is 1.8 dB. The required OSNR for 3-band multiplexed OFDM/OQAM system (net rate of $107.1-Gb/s) is 20.6 dB. 5 dB OSNR difference is observed, in which increased 4.7 dB is required due to three times of data rate and 0.3 dB is due to the implementation errors. Fig. 7 shows the averaged BER of 12 bands as a function of the launch power for the 429.96-Gb/s OFDM/OQAM signal after 400-km SSMF transmission. The optimum launch power of the 429.96-Gb/s OFDM/OQAM signal is -0.5 dBm. At this optimum launch power at 400-km reach, the BER achieves 1:89 Â 10 À2 which can be recovered with 20% FEC. The inserts in Fig. 7 show the clear constellation points at the average BER level of 1:89 Â 10 À2 for x -and y -polarization. Fig. 8 shows the BER measurement for all 12 bands at back-to-back and after 400-km transmission. All the tested BERs are under 20% FEC limit. The insert in Fig. 8 shows the optical spectrum of the 429.96-Gb/s OFDM/OQAM signal after 400-km transmission.
The BER performance versus distance for 12 tone OFDM/OQAM signals is also measured, as shown in Fig. 9 . It is expected that the reach can be further extended by employing digital nonlinearity compensation technique [16] , or using advanced special optical fiber [5] .
Conclusion
We experimentally demonstrated a 429.96-Gb/s OFDM/OQAM with 64QAM modulation over the standard 50-GHz grid optical network. The results show that the 429.96-Gb/s OFDM/OQAM 
